We unveil the temperature-dependent electroweak phase transition in new extensions of the Standard Model in which the electroweak symmetry is spontaneously broken via strongly coupled, nearly-conformal dynamics achieved by the means of multiple matter representations. In particular, we focus on the low energy effective theory introduced to describe Ultra Minimal Walking Technicolor at the phase transition. Using the one-loop effective potential with ring improvement, we identify regions of parameter space which yield a strong first order transition.
I. INTRODUCTION
Models of dynamical electroweak symmetry breaking constitute some of the best motivated extensions of the Standard Model (SM) of particle interactions. Within these models one can simultaneously address, in a natural way, the breaking of the electroweak symmetry and the origin of dark matter.
An intriguing research topic to explore within these extensions of the SM is the one associated to the possible generation of the experimentally observed baryon asymmetry of the universe at the electroweak phase transition (EWPT) [1, 2, 3, 4] . For the mechanism to be applicable it requires the presence of new physics beyond the SM [5, 6, 7, 8, 9, 10 ]. An essential condition for electroweak baryogenesis is that the baryon-violating interactions induced by electroweak sphalerons are sufficiently slow immediately after the phase transition to avoid the destruction of the baryons that have just been created. This is achieved when the thermal average of the Higgs field evaluated on the ground state, in the broken phase of the electroweak symmetry, is large enough compared to the critical temperature at the time of the transition (see for example ref. [11] and references therein), φ c /T c > 1.
(1)
In the SM, the bound (1) was believed to be satisfied only for very light Higgs bosons [12, 13, 14, 15, 16] . However, this was before the mass of the top quark was known.
With m t = 175 GeV, nonperturbative studies of the phase transition [17, 18, 19] show that the bound (1) cannot be satisfied for any value of the Higgs mass (see also [20, 21] ). In addition to the difficulties with producing a large enough initial baryon asymmetry, the impossibility of satisfying the sphaleron constraint (1) in the SM provides an incentive for seeing whether the situation improves in various extensions of the SM [22, 23, 24, 25] .
In this paper we explore the electroweak phase transition in the model put forward in [26] . This is an explicit example of (near) conformal (NC) technicolor [27, 28, 29, 30, 31, 32, 33] with two types of technifermions transforming according to two different representations of the underlying technicolor gauge group [34, 35] . The model possesses a number of interesting properties to recommend it over the earlier models of dynamical electroweak symmetry breaking:
• Features the lowest possible value of the naive S parameter [36, 37] while possessing a dynamics which is NC.
• Contains, overall, the lowest possible number of fermions.
• Yields natural dark matter (DM) candidates.
Due to the above properties we termed this model Ultra Minimal near conformal Technicolor (UMT). It is constituted by an SU(2) technicolor gauge group with two Dirac flavors in the fundamental representation also carrying electroweak charges, as well as, two additional
Weyl fermions in the adjoint representation but singlets under the SM gauge groups.
We arrived at the UMT model while investigating, in a systematic way, the parameter space of the possible strongly coupled theories one can use to construct models of dynamical electroweak symmetry breaking [35, 38, 39, 40, 41, 42] . More specifically we uncovered, using various analytic methods, the phase diagrams as function of colors and flavors for SU(N) gauge theories in [35, 38, 39, 41, 42, 43] and for SO(N) and Sp(2N) theories in [40] . By direct comparison of the various phase diagrams an intriguing universal picture emerges [40] . The results of these investigations led to Minimal Walking Technicolor (MWT) [35, 38, 44, 45] and also to UMT [26] . These models make use of higher dimensional representations which have already been used in the past. Time-honored examples are grand unified models. Theories with fermions transforming according to higher dimensional representations develop an infrared fixed point (IRFP) for a very small number of flavors and colors [35, 38, 39] . This was considered unlikely to occur for nonsupersymmetric gauge theories with fermionic matter [46] . The relevance of this discovery [38] is that it allows for the construction of several explicit UV-complete models able to break the electroweak symmetry dynamically while the models naturally feature small contributions to the electroweak precision parameters [45, 47, 48] . It also helps alleviating the Flavor Changing Neutral Currents problem while featuring explicit candidates of asymmetric dark matter [26, 45] . The models are also economical since they require the introduction of a very small number of underlying elementary fields and can feature a light composite Higgs [99] [35, 44, 49] . Recent analysis further support this latter observation [50, 51] for walking models. 
However, in UMT the technibaryon is a pseudo Goldstone boson and hence can be substantially lighter then a TeV making it possible to observe it at the Large Hadron
Collider experiment [52] . Technibaryons are therefore natural dark matter candidates [53, 54, 55] . In fact it is possible to naturally understand the observed ratio of the dark to luminous matter mass fraction of the universe if the technibaryon possesses an asymmetry [53, 54, 55] . If the latter is due to a net B − L generated at some high energy scale, then this would be subsequently distributed among all electroweak doublets by fermion-number violating processes in the SM at temperatures above the electroweak scale [56, 57, 58] , thus naturally generating a technibaryon asymmetry as well. To avoid experimental constraints the technibaryon should be constructed in such a way as to be a complete singlet under the electroweak interactions [52] Interesting applications have been envisioned for the LHC phenomenology [38, 45, 59, 60, 61, 62] and for Cosmology [26, 52, 53, 54, 55, 63, 64, 65, 66, 67, 68, 69, 70] .
The nonperturbative dynamics of these models is being investigated via first principles lattice computations by several groups [71, 72, 73, 74, 75, 76, 77, 78, 79, 80] . In the literature the reader can also find attempts to gain information using gauge-gravity type duality [81, 82, 83] .
The order of the electroweak phase transition (EWPT) depends on the underlying type of strong dynamics and plays an important role for baryogenesis [11, 84] . The technicolor chiral phase transition at finite temperature is mapped onto the electroweak one. Attention must be paid to the way in which the electroweak symmetry is embedded into the global symmetries of the underlying technicolor theory. We analyzed the EWPT, at the effective Lagrangian level, for MWT in [66] while an interesting analysis dedicated to earlier models of technicolor has been performed in [67] .
In this work, we investigate the EWPT in a new class of realistic and viable technicolor models such as the UMT model. We will uncover an extremely rich finite temperature phase diagram.
We will use as a template the low energy effective theory developed in [26] . We start in section II by summarizing the UMT model. In section III we highlight the degrees of freedom relevant near the phase transition and the zero temperature effective Lagrangian.
In section IV we present the finite-temperature effective potential computed at the oneloop order, including the resummation of ring diagrams. We set up the analysis in section V and analyzes the results in VI. We briefly summarize the main point in the last section.
Several appendices are provided, which give details concerning our analytical results.
As a preliminary investigation we adopt the high-temperature expansion results for the effective potential. We then explore the regions of the effective theory parameters yielding first-order phase transitions and study their strength and interplay. The ratios of the composite Higgses thermal expectation values at the critical temperatures divided by the corresponding temperatures are determined as function of the parameters of the low energy effective theory. We identify a region of parameter space where this ratio is sufficiently large to induce electroweak baryogenesis. An extremely rich structure emerges. For example, we observe (depending on the parameters) the existence of extra electroweak phase transitions [69] emerging at different values of the temperature. We also consider the possibility of having simultaneous phase transitions of the various global symmetries related to the new strong dynamics. We find regions of the effective Lagranian parameters allowing for a sufficiently strong first-order electroweak phase transition able to support electroweak baryogenesis.
II. THE MODEL
The model proposed in [26] consists of an SU(2) gauge group with two Dirac fermions belonging to the fundamental representation and two Weyl fermions belonging to the adjoint representation. In order not to be in conflict with the Electroweak Precision Tests only the fundamental fermions are charged under the electroweak symmetry. They are arranged into electroweak doublets in the standard way and may be written as
The adjoint fermions needed to render the theory near conformal are denoted as λ f with f = 1, 2. The global symmetries of the theory are most appropriately handled by first arranging the fundamental fermions into a quadruplet of SU(4)
Since the fermions belong to pseudo-real and real representations of the gauge group the global symmetry of the theory is enhanced and can be summarized as
The abelian symmetry is anomaly free. The global symmetry group
The stability group H is dictated by the (pseudo)reality of the fermion representations and the breaking is triggered by the formation of the following two condensates
where
The flavor indices are denoted with F, F = 1, . . . , 4 and f, f = 1, 2, the spinor indices as α, β = 1, 2 and the color indices as c, c = 1, 2 and k, k = 1, . . . , 3. Also the notation is
Under the U(1) symmetry Q and λ transform as
and the two condensates are simultaneously invariant if
Only the λ fields will transform nontrivially under the remaining Z 2 , i.e. λ → −λ.
In principle this extension suffers a vacuum alignment problem [85] due to the fact that the electroweak sector would tend to destabilize the chosen vacuum direction. This would be true in absence of new interactions needed to, for example, provide mass to some of the unwanted Goldstone bosons. In fact, the first operator in Eq. (27) needed to
give mass to one of these Goldstones naturally re-aligns the vacuum. A recent analysis of the vacuum alignment effects in walking technicolor theories such as MWT can be found in [62] .
where both color and spin indices have been contracted.
To describe the interaction with the weak gauge bosons we embed the electroweak gauge group in SU(4) as done in [33] . First we note that the following generators
with a = 1, 2, 3 span an SU(2) L × SU(2) R subalgebra. By gauging SU(2) L and the third generator of SU(2) R we obtain the electroweak gauge group where the hypercharge is
Then as SU(4) breaks to Sp(4) the electroweak gauge group breaks to the electromagnetic one with the electric charge given by Q =
Due to the choice of the electroweak embedding the weak interactions explicitly reduce the SU(4) symmetry to SU(2) L ×U(1) Y ×U(1) TB which is further broken to U(1) em ×U(1) TB via the technicolor interactions. U(1) TB is the technibaryon number related to the fundamental fermions and its generator corresponds to the S With the above discussion of the electroweak embedding the covariant derivative for
We are now in a position to write down the effective Lagrangian. It contains the kinetic terms and a potential term
Once M 4 and M 2 each develop a vacuum expectation value the electroweak symmetry breaks and three of the eight Goldstone bosons -Π 0 , Π + and Π − -will be eaten by the massive gauge bosons. In terms of the parameters of the theory the vacuum states σ 4 = v 4 and σ 2 = v 2 which minimize the potential are a solution of the two coupled
Expanding around the symmetry breaking vacua all of the Goldstone bosons scalar partners are seen to be mass eigenstates with masses
IV. EFFECTIVE POTENTIAL
We shall construct the one-loop finite-temperature effective potential for two different cases:
i) UMT without EW, only the strong dynamics described by (16) without coupling to the SM and ETC interactions;
ii) UMT with EW, including electroweak gauge bosons, the top quark, and the ETC term (27) of the effective Lagrangian.
Let us start by reviewing the formalism for the effective potential in general. It is obtained by adding to the tree level potential
For brevity, we denote by σ i the expectation values of the Higgs fields (as well as the fields themselves) that characterize the two techniquark condensates. The standard zerotemperature one loop contribution to the potential reads:
where the index i runs over all of the mass eigenstates andn i is the multiplicity factor for a given scalar particle n b while for Dirac fermions it is −4 times the multiplicity factor of the specific fermion n f . The function f i is:
is the background dependent mass term of the i-th particle.
The one-loop, ring-improved, correction can be divided into fermionic, scalar and vector contributions,
The high temperature expansion of the fermionic contribution reads:
where c f 2.63505. For the scalar part of the thermal potential one must resum the contribution of the ring diagrams. Following Arnold and Espinosa [14] we write
where c b 5.40762 and M b (σ 4 , σ 2 , T) the thermal mass which follows from the tree-level plus one-loop thermal contribution to the potential. For the gauge bosons,
Here M T,gb (M L,gb ) is the transverse (longitudinal) mass of a given gauge boson and we
A. Effective potential in UMT: without EW
Let us now discuss how the different terms of the effective potential appear in UMT.
We shall start with the case without electroweak interactions. By using (16) we find for the tree level potential
where we have added a constant term. It is clear that at very large values of the fields the potential is unstable for a positive value of δ . This is needed to provide a positive mass squared term for theΘ particle. However this is not a problem since the potential is valid only below the TeV scale where the minimum is present. In fact, for reasonable values of theΘ mass the value of δ is extremely small.
In the temperature-independent one-loop correction (33) we sum over all scalar states of the effective Lagrangian except the Goldstone bosons and the Θ particle [101]. Our prescription would lead to infrared divergences in the 't Hooft-Landau gauge for these contributions, when evaluated at the tree-level VEV, due to the vanishing of the masses.
A simple approach is to neglect the massless states here, since their effect on the phase transition is small. The background dependent scalar masses are those of Appendix B.
Given that we are not discussing the electroweak physics in this subsection we set m i,ETC to zero.
For the temperature dependent scalar contribution V 
B. Effective potential in UMT: with EW
Here we add the effects of the electroweak gauge bosons, the ETC operators and the top quark mass operator. The addition of ETC terms and the EW gauge bosons affect the phase transitions weakly. The main difference between this scenario and the previous one is due to the top quark Yukawa coupling.
The tree level potential (39) remains unchanged. In the zero-temperature one-loop correction we add the contribution of the gauge bosons, with n W = 6 and n Z = 3, and the top quark with n top = 3 (this amounts to −12 for then Top ) . Since the ETC terms give mass to the Θ particles, we are now also able to add them without causing infrared divergencies.
In the bosonic contributions in the temperature-dependent term V We also add the electroweak gauge bosons in V
(1) T gauge
. Only the longitudinal gauge bosons acquire a thermal mass squared at the leading order, O(g 2 T 2 ). The transverse bosons acquire instead a magnetic mass squared of order g 4 T 2 which we have neglected.
The explicit form of the transverse and longitudinal gauge boson mass matrix is given in Appendix D. Similarly as for the scalars, for the top and the gauge bosons we include the terms in the high temperature series up to l = 4.
V. ANALYSIS OF THE PHASE TRANSITION: SETUP
We will next perform a detailed study of the phase transition structure in UMT by using the one-loop effective potential described above. We start by analyzing the parameter space.
A. Parameter space
After fixing the electroweak scale v 4 to 246 GeV, the effective scalar Lagrangian (16) includes eight free parameters. In the "with EW" scenario one has in addition three free mass parameters in the effective ETC Lagrangian (27) , and also additional parameters of the electroweak and SM sectors (g, g and the top mass). However, the depedence of the phase transitions on the actual value of the ETC masses is relatively weak whence we fix them at 150 GeV. The values of g, g and the top mass are fixed to their experimental values. The remaining parameters of the with/without EW scenarios are the same.
These parameters can be chosen to be v 2 , the Higgs mixing angle β, and the zero temperature scalar masses. It is convenient to define:
In this way we factor out the dynamical contribution to the masses ∝ ∆M which is due to v 2 and v 4 . Their effect on the nature of the phase transitions is much larger than that of the "hard" ETC masses. Note that we have dropped the tilde on the symbols on the ∆ definition to make the notation lighter, however we stress that these mass differences do not refer to the Goldstones but to their scalar partners.
Our convention for the Higgs masses M H ± and β is such that the Higgs mass matrix reads
where the first (second) row and column correspond to derivatives wrt. fixed to the electroweak scale 246 GeV, since both arise from the same strongly interacting theory. We will be mostly using reference values from v 2 = 250 GeV to v 2 = 350 GeV. For ∆M Θ ∝ δ we use 0 and 200 GeV. As mentioned above, the former case (δ = 0) is special (but unnatural) since the chiral symmetry of the theory is enhanced to U(4) × U(2). Then neither of the Θ particles receives a dynamical mass.
In the following we mean by a "σ i transition" a transition where the chiral condensate σ i (with either i = 4 or i = 2) changes from a nonzero value to zero when increasing the temperature. We assume that a first order phase transition takes place when the broken and symmetric phase vacua are exactly degenerate, which defines the critical temperature T c,i and the critical (broken phase) value of the condensate σ c,i . Since the barriers between the vacua will be low wrt. the electroweak scale in all the cases which we shall study, this should be a good approximation.
It is instructive to first consider the (unrealistic) case where the two phase transitions are decoupled, i.e., β = 0 and δ ∝ ∆M Θ = 0. Similarly, the σ 2 -transition depends on M H 2 and ∆M Π 2 , but also on v 2 . Notice that since the electroweak gauge fields only couple to the sector 4, the transition 2 is independent of the electroweak physics and hence similar in the with/without EW scenarios. In Fig. 2 we plot the strengths σ 2,c /T 2,c of the phase transitions in the M H 2 -∆M Π 2 plane for various values of v 2 without including EW interactions. With increasing v 2 the phase transition gets stronger, and the region of maximal σ/T moves to higher ∆M Π 2 . In the dark gray region near the top right corner of the plots the critical temperature is too low to determine σ/T reliably when the high temperature expansion is used. In the white region there is either a second order phase transition or no phase transition takes place at all.
We have also checked the dependence of the phase transitions on the ETC mass scale.
With increasing the ETC mass scale, both the transitions are slightly weakened.
The qualitative behavior of the phase transition strengths is very similar to that of MWT [66] which has the chiral symmetry breaking pattern of SU(4) → SO(4) and to that of the two Higgs doublet models [86] . This is understandable since the origin of the first order transitions is the same: with light Higgs the tree level potential is flat, and the one-loop contributions from relatively heavy other scalars (here theΠ's) can make the symmetric and broken phase vacua almost degenerate even at T = 0. Then the (oneloop) temperature-dependent corrections favor the symmetric vacuum already at low temperatures, and the phase transition is strongly first order. 
VI. RESULTS
We will now start investigating the effects of the coupling among the two phase transitions. For nonzero β and ∆M 2 Θ a variety of different phase transition structures are possible as we have suggested in [69] . Both the transitions can be independently first or second order transitions, and the relative ordering of their critical temperatures must be assessed. In addition, as we shall see, more complicated structures can appear, mostly when both the transitions are first order and their critical temperatures are close to each other. A similar phenomenon was observed in [96, 97, 98] . We shall first consider the case where only the strong technicolor interactions are considered, without coupling to the SM.
A. Without EW
A relevant question which we wish to address is if the coupling between the two sectors can induce stronger phase transitions. Let us first consider a simple case where a first order σ 4 transition is coupled with a mostly second order σ 2 transition, which is the case for ∆M Π 2 GeV. By using or where either of the phase transitions is absent. Notice that in the regions V and VI the order of the critical temperatures is not defined. Thus they are surrounded by the red and blue joined curves, which are the borders of the regions where T 4,c > T 2,c and T 4,c < T 2,c , respectively, and the order is well defined. These cases will be discussed in detail below.
Notice that in the β = 0 = ∆M Θ plots the lines which denote changes in the behavior of the σ 4 (σ 2 ) transition are exactly vertical (horizontal). This is a sign of decoupling of the transitions. From (41) we also see that the Higgs mass matrix is independent of β if
This is reflected in Fig. 4 as the maps for different values of β coincide on the
As seen from 
B. With EW
Let us then discuss the effects of electroweak physics. First, when either of the transitions is second order, we see similar behavior as in the "without EW" scenario: mixing typically weakens the transitions. That is why we start directly by studying the coupling of two first order transitions. Fig. 7 presents the maps of the phase transition behavior exactly for the same parameter values as Fig. 4 , but now with EW interactions switched on.
As mentioned above, the difference between Figs. 4 and 7 is dominated by the inclusion of the top quark. The temperature dependent one-loop term is significantly enhanced when the top is included reducing the critical temperature and allowing for a heavier composite
Higgs. Thus the interesting mixing effects (regions V and VI) take place at much higher Higgs mass M H + in the "with EW" scenario.
In particular, the parameters of Figs. 4 and 7 were chosen to have strong transitions and coupling effects in the "without EW" scenario. This is why we also present the maps with EW interactions but for a different parameter setting in Fig. 8 .
C. Simultaneous and extra phase transitions
Let us discuss the physics related to the regions V and VI. Recall that in the region V the two phase transitions take place simultaneously whereas in VI there is a bounce back of the condensate σ 4 at the σ 2 transition. It is also possible to have the condensate σ 2 bouncing back at the σ 4 transition, but this does not take place in the parameter space of 
VII. CONCLUSION
We uncovered the phase diagram as function of the temperature associated with the low energy effective theory possessing the same global symmetries of the UMT extension of the SM. We discovered a very rich structure ranging from the occurrence of extra electroweak phase transitions [69] appearing at different values of the temperature to the possibility of having simultaneous phase transitions. We find a region of parameters of the effective Lagrangian which allows for a sufficiently strong electroweak first order phase transition of interest for the electroweak baryogenesis problem. We note that having different sectors the model exhibits several phase transitions. Given that gravity couples to all the sectors we expect that all the sufficiently strong phase transitions, also the ones not directly related to the EWPT, are potential sources of gravitational waves.
If discovered, these gravitational waves could hint to a UMT-like structure behind a dynamical breaking of the electroweak symmetry.
Here we construct the explicit realization of the generators of SU(4) and SU(2). We denote the fifteen generators of SU (4) with a = 1, . . . , 10 and i = 1, . . . , 5.
They can be represented as:
where A is Hermitian, C is Hermitian and traceless, B is symmetric and D is antisymmetric.
The = 0 and are a representation of Sp(4). They are explicitly given by:
where τ 1,2,3 are the usual Pauli matrices, τ 4 = 1 and:
The remaining five generators are explicitly given by:
with:
The generators are normalized according to:
The generators of SU(2) are similarly divided into the two that are broken X .
APPENDIX B: ZERO-TEMPERATURE BACKGROUND-DEPENDENT SCALAR MASSES
In terms of the underlying degrees of freedom the composite states transform as
and
In terms of the charge eigenstates the two matrices M 4 and M 2 can be written as
The complete Lagrangian of the new Higgs sector including the scalar potential and the ETC mass terms reads
Due to the presence of the determinant/Pfaffian terms the Higgs particles and their associated partners mix respectively. We find the following scalar mass squared eigenstates 
The notation is such that M A/B denotes the mass of the state which is a linear combination of A and B.
APPENDIX C: TEMPERATURE AND BACKGROUND DEPENDENT SCALAR MASSES
The temperature-dependent scalar masses are found by first computing the one-loop thermal correction V
(1) T to the potential [14] . This should be done as a function of all the scalar fields. Then by adding to the above zero-temperature scalar mass matrix the thermal corrections
we obtain the effective thermal mass matrix. Here 
where pion-pion scattering data in QCD without including such a spin zero state lighter than the associated vector meson ρ. The fact that the σ state is broad is inconsequential to the argument that to unitarize pion-pion scattering one needs such a state [87, 88, 89, 90, 91, 92, 93] . Recently other analysis also confirm our original findings [94, 95] . Another important point is that in a field theoretical framework the only way, independent from perturbation theory, that one can classify states is as poles in the scattering amplitudes. In the Appendix F of [42] we have showed in which limits one expects a truly Higgless strongly interacting theory.
For example, if the number of (techni)colors is larger than six with (techni)flavors in the fundamental representation then one can unitarize pion-pion scattering only with a vector meson.
[100] there may be situations in which the technibaryon is a goldstone boson of an enhanced flavor symmetry
[101] We have also neglected the one-loop zero temperature contribution of theΘ state which is also a Goldstone boson when δ vanishes. We have retained these states in the section in which the electroweak sector is taken into account.
